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zation of cell–hydrogel
interactions for green microbiology – a tutorial
review

Conor G. Harris, Lewis Semprini, Willie E. Rochefort and Kaitlin C. Fogg *

In this tutorial mini-review, we explore the application of Design of Experiments (DOE) as a powerful

statistical tool in biotechnology. Specifically, we review the optimization of hydrogel materials for diverse

microbial applications related to green microbiology, the use of microbes to promote sustainability.

Hydrogels, three-dimensional polymers networks with high water retention capabilities, are pivotal in the

immobilization of microorganisms and provide a customizable environment essential for directing

microbial fate. We focus on the application of DOE to precisely tailor hydrogel compositions for a range

of fungi and bacteria either used for the sustainable production of chemical compounds, or the

elimination of hazardous substances. We examine a variety of DOE design strategies such as central

composite designs, Box–Behnken designs, and optimal designs, and discuss their strategic

implementation across diverse hydrogel formulations. Our analysis explores the integral role of DOE in

refining hydrogels derived from a spectrum of polymers, including natural and synthetic polymers. We

illustrate how DOE facilitates nuanced control over hydrogel properties that cannot be achieved using

a standard one factor at a time approach. Furthermore, this review reveals a conserved finding across

different materials and applications: there are significant interactions between hydrogel parameters and

cell behavior. This highlights the intricacies of cell–hydrogel interactions and the impact on hydrogel

material properties and cellular functions. Lastly, this review not only highlights DOE's efficacy in

streamlining the optimization of cell–hydrogel processes but also positions it as a critical tool in

advancing our understanding of cell–hydrogel dynamics, potentially leading to innovative advancements

in biotechnological applications and bioengineering solutions.
Sustainability spotlight

Green microbiology provides environmental sustainability through the use of microorganisms to produce chemical goods and eliminate hazardous waste.
Microbial immobilization via hydrogels enhances the applications of green microbiology by providing a suitable microenvironment for microbes. In addition,
the statistical optimization tool, Design of Experiments, offers sustainable practices by generating empirical models with a smaller number of experiments
compared to a one-factor-at-a-time approach. Research groups dedicated to optimizing immobilized microbial processes via Design of Experiments help to
achieve UN Sustainable Development Goals: (6) Clean Water and Sanitation and (12) Responsible Consumption and Production. This tutorial review provides
concepts for Design of Experiments and microbial immobilization for the production of chemical compounds and elimination of hazardous materials.
Introduction

Green microbiology includes the use of microorganisms in the
production of chemical compounds and elimination of
hazardous compounds and promotes environmental sustain-
ability.1 The microenvironment that microorganisms inhabit
affects microbial processes, such as the capability to proliferate,
differentiate, and communicate.2 To better understand and
utilize microorganisms, we must understand how their
ironmental Engineering, Oregon State
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750–3768
surroundingmicroenvironment motivates them.With advances
in biomaterials and polymer science, we can design and tailor
microenvironments with materials called hydrogels to study
and apply microbes for more sustainable practices. Hydrogels
are a unique group of materials formed from hydrophilic, three-
dimensional (3D) networks of crosslinked polymers with the
distinct capability to absorb and retain high amounts of
aqueous solvents.3 Hydrogels can be formed from natural and/
or synthetic polymers and biophysical cues can be tuned based
on material properties to control cell fate.

Microbial or cell immobilization via hydrogels is used across
a variety of applications, including, but not limited to, enzyme
systems, production of biofuels, and bioremediation.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Immobilization is the process of conning cells in or onto
a matrix whilst retaining their viability and catalytic functions.4–7

Several reviews compiled literature regarding the enhancement
of bioremediation with hydrogels to immobilize cells.4,8–10

However, there is currently not a review that summarizes how
Conor G: Harris

Conor Harris is a Chemical
Engineering PhD candidate at
Oregon State University in the
School of Chemical, Biological,
and Environmental Engineering.
His research focuses on polymer
science and non-Newtonian uid
mechanics with applications in
3D printing material develop-
ment, wax deposition in subsea
oil pipelines, and biomaterial
development for bioremediation.

Lewis Semprini

Lewis Semprini is a University
Distinguished Professor of Envi-
ronmental Engineering, in the
School of Chemical, Biological,
and Environmental Engineering.
His research focuses on biological
processes for the treatment of
hazardous wastes, and on the
fate and transport of organic
contaminants in the environ-
ment. He specializes in eld,
laboratory, and modeling studies
of both aerobic and anaerobic
processes for treating chlorinated

solvents, polycyclic aromatic hydrocarbons and emerging
contaminants.

Willie E: Rochefort

Skip Rochefort is an Associate
Professor of Chemical Engi-
neering at Oregon State Univer-
sity, in the School of Chemical,
Biological, and Environmental
Engineering. His research focus
is on polymer science and engi-
neering, including the operation
of a polymer laboratory with
capability for rheological,
thermal, molecular, and surface
characterization of materials
and polymer processing; 3D
lament printing and 3D

printing materials development; and biomaterials. Other activities
include K-12 outreach and engineering education.

© 2024 The Author(s). Published by the Royal Society of Chemistry
these hydrogels can be engineered to optimize microbial
processes.

Despite the existence of models to describe cell–hydrogel
interactions, there is a need to validate them with experimental
and computational work.11 To further develop and validate such
mechanistic models, more empirical data is required to
describe these cell–hydrogel interactions. Thus, if we want to
identify a hydrogel formulation that optimizes microbes for
a particular application, we need to develop and use empirical
models. One of the most useful techniques to develop an
empirical model and optimize cell interactions in hydrogels is
the statistical technique Design of Experiments (DOE).12–14

DOE is a statistical optimization technique used across many
elds.15 DOE provides empirical models that sufficiently
describe the behavior of cell–hydrogel interactions while
reducing the number of required experiments. By purposefully
selecting the experimental conditions that capture the effects of
all of the input variables and their potential signicant inter-
actions, DOE enables researchers to statistically determine the
contributions of individual factors and their interactions on
given outputs with signicantly fewer experiments, as illus-
trated in Fig. 1. This can be especially important for processes
such as cell culture that are time and cost intensive.17

Although work on cell immobilization started in the mid-
1970s, the number of publications has increased over time,
with the highest number of publications occurring in 2020
(Fig. 2A). Even with the latest works, there is a need to better
understand the interactions that occur between immobilized
cells and the hydrogel carrier.11 Similarly, the number of
publications that includes DOE continues to rise over the past
80 years, demonstrating the potential and popularity of this
statistical method (Fig. 2B).

The objective of this review is to highlight the utility of DOE
in identifying parameters that affect the fate and function of the
hydrogels and cells immobilized within them. To achieve this
objective, we will provide readers with a brief overview of the
most commonly used designs in DOE for optimization. We will
then delve into the application of these designs to optimize cell–
hydrogel interactions based on the hydrogel polymer backbone.
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Fig. 1 Black box representation of DOE.16

Fig. 3 3-Dimensional depiction of a full factorial design for three
variables and three levels (x1, x2, x3 = {−1, 0, 1}). Blue and yellow points
represent the factorial and center points, respectively.

Fig. 4 Experimental conditions as a function of input variables for full
factorial (squares, solid line), central composite designs (diamonds,
dashed line), and Box–Behnken (circles, dashed-dotted lines) designs.
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Experimental designs used for optimizing hydrogels with
immobilized cells

DOE is a statistical optimization technique that was introduced
by Dr George E. P. Box in the 1950s.18 The objective of DOE is to
nd where maximums and minimums occur for a given
response, or dependent variable, based on selected inputs, or
independent variables. Responses can be visualized as a surface
with at least two inputs that vary over three levels (x1, x2 = {−1,
0, 1}). Thus, DOE is also known as response surface method-
ology. If we consider hydrogels with immobilized cells a system
or process, the black box representation of DOE from the
National Institute of Standards and Technology (NIST)
demonstrates how experimental design accepts i inputs and
returns m responses for any system or process with any number
of uncontrolled inputs.16 Here, i ranges from 2 to innity and m
ranges from 1 to innity. At least 2 inputs are required to form
a response surface, but a single response can be evaluated to
optimize the system.

Consider three variables evaluated at three levels (x1, x2, x3 =
{−1, 0, 1}). If we plot these experimental conditions in a 3-
dimensional space we form a cube that represents our full
factorial design with number of levels, n = 3, and number of
factors, k = 3 (Fig. 3). The number of experimental conditions
required to generate a response model is dependent on both n
and k, and the full factorial consists of nk experimental
Fig. 2 Results by publication year from PubMed based on searches for

3752 | RSC Sustainability, 2024, 2, 3750–3768
conditions. As the number of input variables increases, k
increases and the number of experimental conditions for a full-
factorial design increases exponentially. For instance, for 5
factors with 3 levels, evaluating 243 experimental conditions
would be necessary, which would be costly and impractical for
some applications. In contrast, by using statistical designs, the
number of experimental conditions required to identify the
optimal conditions can be reduced by a factor of 6 or more with
the total number of runs somewhere between 24 to 40,
depending on the design. The most common statistical designs
are Central Composite Design, Box–Behnken, and D-optimal,
all of which consist of signicantly less experimental condi-
tions compared to a full factorial design (Fig. 4).
(A) “cell immobilization” and (B) “design of experiments.”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Central composite and Box–Behnken designs

Central composite designs consist of selected factorial points
with a center point and a group of axial (or star) points.19 In
coded units, the distance of the factorial points from the center
equal ±1, and the distance between the axial points, a, and
center is jaj $ 1 (Table 1).16,20 There are several types of central
composite designs, such as Central Composite Circumscribed
(CCC), Central Composite Inscribed (CCI), and Central
Composite Face Centered (CCF or FCCD), each with different
applications and properties.21 Circumscribed designs are
spherical, near-rotatable designs with jaj > 1. The axial points
for CCC designs occur at the extremes of the design and cannot
be used if the system is conned to within the design factorial
points. For designs with such constraints, CCF designs are non-
rotatable and cubed, and the augment points appear on the
vertices of the cube. CCI designs are spherical, near-rotatable
design with the augmented points positioned at jaj = 1 and
the factorial points set within the bounds of those points.
Lastly, Box–Behnken designs (BBD) are rotatable or near rotat-
able designs with points that form a cube centered at the
origin.22 BBD designs do not contain experimental conditions at
the vertices of the design space cube and may be useful in
avoiding experiments under extreme conditions where unsat-
isfactory results might occur.
Optimal designs

Optimal designs, collectively known as alphabetical designs. (A
– average, D – determinant, E− eigen value), use computational
algorithms to select experimental criteria that reduce the size of
Table 1 General terminology of center, factorial, axial, and edge points

Point type Denition Purpose

Center point Point at the center of
the design space

Used for estim
experimental e
checking for cu

Factorial points Represents all
combinations of factor
levels at their high (+1)
and low (−1) settings

Used to explor
and interaction

Axial points (star
points)

Represents points
located on the axes of
the design space (axial)
that can extend beyond
factorial points and are
crucial for tting
a quadratic model

Used to estima
curvature and
the modeling o
quadratic effec
more thorough
explore the spa
around the cen
point and assi
identifying opt
settings of the

Edge points Points located on edge
of the factorial cube but
are not included in
a full-factorial design
and occur only in
optimal designs

Used to estima
curvature and
modeling of qu
effects

© 2024 The Author(s). Published by the Royal Society of Chemistry
condence intervals for model coefficients. The D-optimal
design is one example of an optimal design that minimizes
width of condence intervals for model coefficients.23,24 This
design can be helpful when including qualitative factors or
binary variables in the experimental design.
Comparisons between statistical designs

Between the designs examined in this tutorial mini-review,
there can be differences in the structure, point types used,
efficiency, model t and exibility of each design (Fig. 5).25

Further, each design has advantages and disadvantages when
compared against one another. CCDs are ideal when
a comprehensive exploration of the response surface is
needed, given that the experimental conditions allow for it.
BBD is more efficient with fewer runs and is better suited for
situations where extreme conditions are not practical or
possible. In addition, BBD is not efficient for only two factors
whereas CCD and optimal designs can handle two factors.
Finally, optimal designs provide the most exibility and effi-
ciency compared to CCD or BBD, especially when dealing with
complex models, constraints, or cost considerations in
experimental settings.
Hydrogel materials used for cell immobilization

Hydrogels used for cell immobilization must generally be
permeable to oxygen and nutrient transport and promote cell
viability and function.5 Immobilization methods with hydrogels
include adhesion, entrapment, and encapsulation; all of which
have been documented in previous reviews.4–6,8 Natural
used in DOE and RSM

Distance from center Example

ating
rror and
rvature

0 N/A

e linear
effects

+1, −1 In a two-factor
experiment (k = 2), the
factorial points would
be at (−1, −1), (−1, +1),
(+1, −1), and (+1, +1)

te the
allow for
f
ts, which
ly
ce
tral
st in
imal
factors

Typically represented by
a, where jaj $ 1

In a two-factor
experiment (k= 2), axial
points might be at
positions such as (�a,
0) and (0, �a) if using
a central composite
design

te
allow for
adratic

Dependent on optimal
design

In a three-factor
experiment (k= 3), edge
points might be at
positions (0.333, 1, −1)
or (−1, 1, −0.333)

RSC Sustainability, 2024, 2, 3750–3768 | 3753
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Fig. 5 Statistical designs for three factors and three levels, with details on structure, point types, characteristics, and example applications.25 For
all designs, the red, blue, orange, and green dots correspond to axial, factorial, center, and edge points, respectively.
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polysaccharides such as agarose, alginate, chitosan, gellan gum,
k-carrageenan and xanthan gum are commonly used for cell
immobilization.4,26–31 Polysaccharides offer unique biocompat-
ibility properties that promote cell adhesion and proliferation,
can be procured inexpensively, and are biodegradable.
Synthetic polymers such as poly(vinyl alcohol) are also
commonly used for cell immobilization.32 While the material
properties of synthetic polymers can be more easily controlled,
in most cases they must be coupled with natural polymers or
modied to promote cell adhesion and biocompatibility.

We have organized DOE inputs and outputs variables in
tables based on the hydrogel material (tabulated alphabetically)
with information on the cell type, statistical optimization
design, specic application, inputs, outputs, signicant factors
and the reference (Tables 2–9). These are further detailed for
each hydrogel material below.
Alginate

Alginate is a polysaccharide that occurs from harvested brown
seaweeds.33 The backbone of alginate is comprised of two
monomers: a linear 1,4 b-D-mannuronic acid (M) and a-L-
guluronic acid (G). The structure of alginate can contain blocks
of either consecutive or alternating monomers and the distri-
bution of these blocks is important when forming gels. The
polymer is regarded for qualities such as biocompatibility, low
cost, and low toxicity. Overall, the vast amount of research
3754 | RSC Sustainability, 2024, 2, 3750–3768
surrounding alginate makes it one of the most popular carrier
for cell immobilization.26

Immobilization itself can be the goal of the DOE. Maxi-
mizing the number of cells immobilized into hydrogel
complexes can increase product yield and contamination
removal with less overall material used. Trabelsi et al. used
a Box–Behnken experimental design to optimize the microen-
capsulation yield (%) of Lactobacillus plantarum in alginate
beads coated in chitosan based on the hardening time (15–45
min), biomass concentration (108–1010 CFU mL−1), and CaCl2
concentration (0.25–0.75 M).34 The optimization goal was set to
maximize the microencapsulation yield, and this was achieved
by setting the hardening time, CaCl2 concentration, and
biomass concentration to 30 min, 0.45 M, and 1010 CFU mL−1,
respectively. Popović et al. optimized the microencapsulation of
a potential probiotic strain, Lactobacillus reuteri B2, with a D-
optimal design based on the input variables, concentration of
alginate (0.5–2.5%) and starch maleate (2.0–6.0%). The authors
evaluated and sought to maximize the encapsulation yield (%)
and found the optimal conditions were 2.0% alginate and 3.0%
starch maleate.35 Other examples include the immobilization of
recombinant Escherichia coli, immobilization of Bacillus subtilis
natto, and pharmocobiotic entrapment.36–38 Taken together,
these articles found that polymer concentration, crosslinking
concentration, and cell concentration, as well as the interaction
terms between these terms, signicantly affected immobiliza-
tion or microencapsulation efficiency.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The removal of toxic or unwanted compounds from
processes or aquatic environments via cells immobilized in
alginate hydrogels has been optimized with DOE. The work of
Surabhi and Elzagheid optimized an alginate immobilization
method for sulde oxidation by immobilized Thiobacillus
species via DOE and a CCD.39 Surabhi and Elzagheid optimized
the sulde oxidation (%) by Thiobacillus species in response to
the variables: alginate concentration (1–5%, w/v), CaCl2
concentration (1–5%, v/v), inoculum size (2–10%), and agitation
speed involved in the immobilization method (50–250 rpm).
Interestingly, the authors reported no signicance of the
interaction between alginate concentration and inoculum size
for their particular process. Still, they found that the interaction
between CaCl2 concentration and inoculum size, which may
have a similar effect, due to the fact that CaCl2 concentration
can directly inuence gel properties, such as crosslinking
density. Other studies have used DOE to enhance limonin
biotransformation or remove a endocrine disrupting chemical,
17a-ethinylestradiol, from aquatic environments.40,41 In addi-
tion, environmental factors, such as initial substrate concen-
tration or pH, have been optimized using DOE for the removal
of compounds.42,43 Altogether, these works demonstrate how
alginate concentration, crosslinking concentration, and cell
concentration can signicantly inuence the transformation of
unwanted compounds in aquatic environments with microor-
ganisms, all which can be useful for applications in
bioremediation.

Production of compounds with immobilized cells has been
optimized via DOE based on hydrogel formula parameters.
The immobilization of Gluconobacter oxydans in alginate gels
for the production of benzaldehyde in a biphasic system was
optimized via DOE and a BBD by Wu et al.44 They measured the
activity yields of benzaldehyde (g L−1) and stability of beads
(OD600) in response to changes in the experimental variables:
alginate concentration (2–4%, w/v), cell load (35–55 g L−1), and
bead diameter (2.2–3.2 mm). Wu et al. determined the optimal
conditions by maximizing activity yield and minimizing
stability responses (lower values of OD600 correspond to
a higher stability) and found the optimal solution with
parameter values: 2.55%, w/v alginate concentration, 49.26 g
L−1 cell load, and 2.2 mm bead diameter. A calcium-alginate
immobilization method was optimized for the production of
alkaline protease by Bacillus licheniformis NCIM-2042 with
central composite design.45 Potumarthi et al. sought to opti-
mize the alkaline protease response (U mL−1) and selected
four parameters of the alginate immobilization method: algi-
nate concentration (1–5%, w/v), CaCl2 concentration (1–5%,
v/v), inoculum size (2–10%), and agitation speed involved in
the immobilization method (50–250 rpm). With this model,
the following optimum conditions were selected and validated
to maximize the protease production: alginate concentration
at 2.78%, CaCl2 concentration at 2.15%, inoculum size at
8.10%, and agitation speed at 139 rpm. Again, the interaction
between alginate concentration and cell loading (inoculum
size) was determined to be signicant for a different
compound production and different cell type. An interesting
study was conducted by Seifan et al. to induce and optimize
© 2024 The Author(s). Published by the Royal Society of Chemistry
calcium carbonate precipitation from two bacterial strains,
Bacillus sphaericus NZRM 4381 and Bacillus licheniformis ATCC
9789, immobilized in calcium alginate beads via DOE.46 The
researchers identied the response variable, calcium
carbonate (g L−1), as a function of the two input variables,
alginate concentration (1–3%, w/v) and CaCl2 concentration
(0.1–0.3 M). They reported the optimum conditions based on
the goal to maximize the concentration of calcium carbonate
as 1.38% w/v alginate concentration and 0.13 M CaCl2
concentration. Both Wu et al. and Seifan et al. report the
alginate content as signicant for the production of their
target compound, while the work dedicated to alkaline
protease production by Potumarthi et al. did not. Similarly,
Seifan et al. reported the calcium chloride concentration
signicant, whereas Potumarthi et al. did not nd the same
parameter signicant. While not all the same parameters were
reported signicant for each specic compound yield, both
Wu et al. and Potumarthi et al. found that the interaction
between the polymer content and cell content input variables
signicantly affected the production of the target compound.
Other literature on the production of compounds consists of
the optimization of isomaltulose (palatinose) production or
the optimization of environmental factors on the production
of compounds.47–51 In summary, research dedicated to the
production of compounds from immobilized cells can be
optimized using the hydrogel formula via DOE.

In conclusion, the majority of papers that evaluated both
hydrogel material properties and cell loading determined that
there was a signicant interaction term between the polymer
content and cell loading or crosslinking concentration and cell
loading. This could suggest that there is competition between
the number of cells and pore size in the hydrogel, especially as
some found that the optimal conditions of cell loading are near
the “low” levels (−1) in order to achieve high activity. Addi-
tionally, it could suggest that enough polymer content must be
available for adhesion, as many articles determined optimal
conditions near the center point (0) of polymer content. Alto-
gether, the alginate immobilizationmethod has been optimized
for numerous applications with many different cell types and
strains. Further characterization between the interactions
between cells and hydrogels is needed, possibly with micros-
copy to evaluate how cells reside in the hydrogel complex, or
with more mechanical tests to determine if or how the hydrogel
properties is changed by immobilized cells initially and over
time.
Chitosan

Chitosan is the polysaccharide derivative of the chitin polymer,
synthesized from the shells of species such as crabs and
shrimp.52 Chitosan contains N-acetyl-b-D-glucosamine chains
that have been deacetylated at least by 50% or more, and the
degree of deacetylation inuences the physical, mechanical,
and biological properties. Unlike many other natural polymers,
chitosan is a polycation, and can easily form complexes between
polyanion polymers. As such, we have already seen a chitosan
coated alginate encapsulation method (Alginate section). Even
RSC Sustainability, 2024, 2, 3750–3768 | 3755
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with such unique properties, chitosan has been used to
immobilize whole cells.

Reaction conditions and environmental factors have been
optimized for two specic processes with cells immobilized in
chitosan beads. Jyoti et al. optimized the nitrilase activity of
a Rhodococcus pyridinivorans NIT-36 strain immobilized in chi-
tosan beads based on the temperature (20–50 °C), pH (6–8), and
substrate concentration (100–300 mM), yet optimal conditions
are not reported specically.53 Uranium (U(VI)) biosorption via
Pseudomonas putida PTCC 1694 immobilized in chitosan beads
was optimized with DOE based on the environmental factors
and cell loading.54 The work entailed a design matrix designed
with a CCD with the response U(VI) biosorption capacity (mg
g−1) and independent variables, pH (2–5), initial concentration
of U(VI) (100–500 mg L−1), biosorbent dosage (0.40–3.00 g L−1),
and bacteria (0.0–30.0 wt%). The optimal condition was set at
a pH of 5, with an initial concentration of 500 mg L−1, bio-
sorbent dosage at 0.4 g L−1, and a bacteria concentration of
20 wt%. They concluded that there were synergistic effects
between cells and chitosan, and that chitosan could be used as
both a carrier and adsorbent.

Hydrogel formulation parameters have also been optimized
via DOE to remove unwanted compounds with cells immobi-
lized in chitosan mixed with alginate beads. Guo et al. iden-
tied optimized ammonia nitrogen removal efficiency with
chitosan–alginate hydrogels used to immobilize bacteria from
biological sludge, of which 99.6% was identied as Bacillus
subtilis.55 They modied sodium alginate dosage (0.4–1.6%,
m V−1), chitosan dosage (0.1–0.8%, m V−1), and embedding
time (20–50 min) and measured the response of ammonia
nitrogen removal efficiency (%) with an experimental matrix
designed via CCD. The authors determined the optimal
conditions to maximize ammonia nitrogen removal efficiency
such that the sodium alginate dosage was 0.84% m V−1, chi-
tosan dosage was 0.22% m V−1, and embedding time was
32 min. They suggested that sodium alginate provided the
structural characteristics of the beads, whereas chitosan
provided the biocompatibility of the beads. Further, the
interaction between sodium alginate and chitosan revealed
that when sodium alginate was at its center point, increased
amounts of chitosan increased the ammonia nitrogen removal
efficiency. However, when sodium alginate was at its
maximum, increasing chitosan provided unsatisfactory results
and suggests that alginate and chitosan compete for space in
the bead.

Several papers have identied parameters in the use of chi-
tosan hydrogels for immobilization. We have compiled the
results of optimized environmental factors, demonstrating that
temperature and pH are signicant on immobilized microbial
activity. Further, the results demonstrate immobilized cells can
tolerate higher temperatures than free cells. An interesting
nding for multi-polymer hydrogel beads is that the interaction
between the two polymer types (chitosan polymer and alginate
polymer) were signicant. More information is needed on the
network that forms between two or more polymers, especially
when cells are present.
3756 | RSC Sustainability, 2024, 2, 3750–3768
Gellan gum

Gellan gum is an exopolysaccharide, consisting of repeating
units of b-1,3-D-glucose with acetate and glycerate groups, b-1,4-
D-glucuronic acid, b-1,3-D-glucose, and a-1,4-L-rhamnose,
produced by the bacteria Sphingomonas paucimobilis ATCC
31461.31 Gellan gum hydrogels occur by physical (thermal)
crosslinking with the addition of chemical crosslinking with
either monovalent or divalent cations.56 Gellan gum properties
include biocompatibility, biodegradability, and ductility.57 The
prevalence of gellan gum in the pharmaceutical and biomedical
elds has endorsed its biocompatibility, making it a popular
choice for cell immobilization applications.58

Muliadi et al. demonstrated the optimization of gel charac-
teristics, environment factors, and processing parameters using
BBD for a metanil yellow (MY) decolorizing mixed culture,
named FN3, immobilized in gellan gum beads.59 The authors
evaluated the MY dye decolorization (%) with a BBD based on
the inputs, dye concentration (100–350 mg L−1), gellan gum
concentration (0.75–1.5%), number of beads (10–50), and beads
size (0.3–0.6 cm). The optimum conditions set to maximize the
decolorization was predicted and suitably validated with a dye
concentration of 130 mg L−1, a gellan gum concentration of
1.478%, with a number of beads of 50, and beads size of 0.6 cm.
Karamba et al. optimized the biodegradation of cyanide (%)
based input parameters gellan gum concentration (0.36–1.04 g),
number of beads (−3.64–63.64), and beads size (0.10–0.60 cm)
on using CCD for bacteria cells in a gellan gum hydrogel.60 First,
we must recognize the importance of selecting an experimental
design, as the number of beads minimum was reported below
zero and is physically impossible. CCD uses the axial points to
evaluate extreme cases, and if the user is not careful, can fall
outside the physical boundaries of the experiment. The goal to
maximize the biodegradation of cyanide determined the
optimal conditions: gellan gum concentration of 0.7%, number
of beads at 30, and beads size of 0.3 cm. Between these articles,
both authors found that polymer content (linear and quadratic),
number of beads (linear and quadratic), and bead size
(quadratic) signicantly affected their specic output. While
these studies have evaluated pure gellan gum hydrogels,
combinations of polymer types could be explored, due to the
synergistic qualities between gellan gum and other biopoly-
mers.61,62 Further, while other biopolymer crosslinker concen-
trations have been optimized with DOE and deemed signicant,
crosslinker concentration was not explored in these examples
and could be important for future studies.
Poly(vinyl alcohol)

Poly(vinyl alcohol) (PVA) is a synthetic semicrystalline polymer,
usually generated from the continuous hydrolysis of polyvinyl
acetate in ethanol with potassium hydroxide.63,64 Thus, PVA
consists of a carbon chain with hydroxyl groups on alternating
carbons. The characteristics of PVA include good mechanical
properties and good biocompatibility, making it suitable for
many cell immobilization and biomaterial applications.65,66 PVA
can be chemically crosslinked with multiple compounds (boric
© 2024 The Author(s). Published by the Royal Society of Chemistry
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acid, maleic acid, glutaraldehyde, etc.) or physically crosslinked
with a “freeze-thawing” method.67

Lactic acid production by immobilized cells in PVA beads
has been optimized based on processing and hydrogel formula
parameters. Wang et al. optimized the lactic acid yield from
Lactobacillus pentosus ATCC 8041 immobilized in alginate–PVA
beads was completed on processing parameters for lactic acid
production.68 This work used a BBD to effectively modify the
effects of the bead diameter (2–4 mm), pH (2–7), initial glucose
concentration (100–120 g L−1), and biomass (200–400) and
measuring the lactic acid yield. From the model, the authors
estimated optimal conditions to maximize lactic acid yield,
where the bead diameter was 2.0 mm, the pH was 5.99, initial
glucose concentration was 101.19 g L−1 and biomass was
204.6 mg. Another demonstration of the power of DOE was
completed by the Liu lab, with a more complex immobilization
method including alginate, PVA, and chitosan to immobilize
Lactobacillus pentosus ATCC 8041 for lactic acid production.69 In
this work, two responses, lactic acid yield and lactic acid
production rate, were evaluated as functions of the sodium
alginate concentration (1–5% w/v), PVA concentration (4.0–
7.0% w/v), chitosan concentration (90–120 g L−1), fructose
concentration (90–120 g L−1), temperature (31–39 °C), and pH
(5–7). The optimal conditions set to maximize the lactic acid
yield and production rate were 2.809% w/v sodium alginate,
5.253% w/v PVA, and 0.478% w/v chitosan, 107.396 g L−1 fruc-
tose, 36.363 °C, and 6.084 pH. Overall, the results from this
paper can demonstrate the power of DOE. Many factors (6) were
evaluated with only 54 experimental runs, and the results
generated powerful models that identied signicant indi-
vidual and interaction terms and an optimized condition that
performed better than previous designs. In all, these works
demonstrate the capability of DOE to determine input and
interaction effects of polymer content, cell loading, environ-
mental effects, as well as additional polymer supports on cell
behavior for compound production.

Biodegradation for some compounds with immobilized cells
in PVA beads has been optimized with DOE. Hsu et al. utilized
a CCD to optimize the parameters to reduce sulfate and remove
copper from the environment using a sulfate reducing bacterial
culture immobilized in a PVA matrix.70 They optimized the
quantity of immobilized cell culture in solution (19–235 volatile
suspended cells (VSS) per L) and the concentration of the
copper (10–100 mg L−1) based on the dependent variables,
copper removal by bioprecipitation and sulfate reduction rate.
Optimal conditions were not presented in this work. Biodegra-
dation of p-nitrophenol (PNP) with activated sludge immobi-
lized in PVA–alginate cryogel beads has been optimized using
DOE and a CCD.71 Sam et al. identied the effects of bead size
(1–5 mm), PVA concentration (2–10%), alginate concentration
(0.5–2.0%), CaCl2 concentration (1–5%), and number of freeze–
thaw cycles (2–6 cycles) on the responses rate of PNP trans-
formation and breakage of beads (mechanical stability). The
optimal conditions to maximize the PNP transformation rate
and minimize the breakage were 3.659 mm bead size, 8.0 wt%
© 2024 The Author(s). Published by the Royal Society of Chemistry
PVA concentration, 1.411 wt% alginate concentration,
3.012 wt% CaCl2 concentration, and 3 freeze-thawing cycles.
Our previous work involved the biodegradation of cis-1,2-
dichloroethylene with a Rhodococcus rhodochrous ATCC 21198
bacteria cell and a slow-release compound immobilized in
a poly(vinyl alcohol)–alginate hydrogel bead.72 In this work, the
hydrogel compressive modulus and the cell oxygen uptake rate
at days 1 and 30 were optimized using a CCD based on the PVA
concentration (1–3% w/v), alginate concentration (1–2% w/v),
and crosslinking time (14–135 min). The optimal conditions
set to maximize the compressive modulus and minimize the
oxygen uptake rate at both days 1 and 30 were 3.2% w/v PVA
concentration, 2.0% w/v alginate concentration, and 110 min
crosslinking time. We identied signicant individual and
interaction terms for all models which demonstrate how
hydrogel formulae can impact both material properties and cell
response in multi-component hydrogel systems. In general,
these works can provide evidence for the capability of DOE to
evaluate multiple factors and provide the experimental design
to capture signicant effects.

Production of some compounds by immobilized cells in PVA
has also been optimized with DOE. Wei et al. optimized the
immobilization of Escherichia coli AST3 for cadaverine produc-
tion.73 The work involved measuring the relatively activity of
immobilized cells in PVA–alginate beads based on the param-
eters sodium alginate concentration (0.5–6.5%), PVA concen-
tration (0–8%), CaCl2 concentration (0.5–6.5%), calcication
time (0–24 h), and freezing time at −80 °C (0–24 h) with
experiments designed using a CCD. The optimal conditions to
maximize the relative activity of the immobilized cells were
3.62% alginate, 4.71% PVA, 4.21% CaCl2, 12 h calcication
time, and 16 h freeze time. Nonthasen et al. optimized the
entrapment of a Kluyveromyces marxianus strain DBKKUY-103
fungal cell to produce ethanol from sweet sorghum juice.74

They modied the sodium alginate concentration (1.32–4.68%
w/v), PVA concentration (8.32–11.68% w/v), and sodium sulfate
concentration (0.16–0.84 M) and measured the response vari-
able, ethanol concentration aer 84 h. Optimal conditions were
provided and validated to maximize the ethanol concentration,
set such that the alginate concentration was 3.39% w/v, the PVA
concentration was 10.09% w/v, and the sodium sulfate
concentration was 0.30 M. The signicant interaction observed
between alginate concentration and sodium sulfate concentra-
tion is interesting, due to the fact that sodium sulfate is used as
a crosslinker for PVA, not alginate. Overall, these articles
utilized DOE to optimize compound production from immo-
bilized cells in PVA hydrogels and found that all of the variables
they tested were signicant for their specic compound.

In summary, optimization models were generated to eval-
uate transformation or production of products from several
different cell lines in PVA hydrogels. As expected for diffusion
limitations, polymer content was a signicant variable in the
majority of the models discussed. However, cell behavior was
not usually discussed in the context of these papers, and there
could be interesting works regarding how cells interact with
RSC Sustainability, 2024, 2, 3750–3768 | 3757
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PVA or the intermixing of two or more polymers. In addition,
PVA comes in many molecular weight ranges. The molecular
weight can change the properties of PVA hydrogels;75 and the
concentration where polymers interact such that crosslinks can
form (overlap concentration) changes based on the molecular
weight.76,77 Thus, we see several different ranges of PVA
concentration throughout the papers discussed, and it might be
advantageous to evaluate the concentration of PVA as
a concentration over its overlap concentration.
Other polymers

While alginate, chitosan, collagen, brin, gellan gum, and PVA
hydrogels have been optimized for cell immobilization by
multiple groups, there exists additional hydrogels that have
only been optimized by a select few. These include agarose, k-
carrageenan, pectin, and xanthan gum.

Agarose is a carbohydrate polymer, classied as a biocom-
patible polysaccharide, that has been used for many tissue
engineering applications.78 Extracted from marine red algae,
agarose polymer chains consist of repeated agarobiose (disac-
charide of D-galactose and 3,6-anhydro-L-galactopyranose)
units. Agarose gels occur via hydrogen bonding and electro-
static interaction, to form a thermo-reversible gel without the
need of a chemical crosslinking agent. Bisht et al. optimized the
immobilized conditions of agarose gels for alkaline lipase
production by Pseudomonas aeruginosa mutant cells using
a Box–Behnken design matrix.79 They optimized the indepen-
dent variables agarose concentration (1.0–3.0%), inoculum size
(3.0–5.0 g), cell concentration (0.6–1.0 g), and incubation time
(20–28 h) with the output variable enzyme activity (UmL−1). The
optimal conditions were set to maximize the lipase production
and were determined as agarose concentration, 1.96%; inoc-
ulum size, 4.06 g; cell concentration, 0.81 g; and incubation
time, 22.54 h. In this work, the authors reported signicant
interactions related to polymer and cell content, a reoccurring
interaction term found throughout this review.

k-Carrageenan is one of the three carrageenan poly-
saccharides, which is water-soluble and obtained by extraction
from Rhodophyceae red algae.52,80,81 The structure of the k-
carrageenan polymer is composed with alternating 3-linked b-D-
galactopyranose and 4-linked 3,6-anhydro-a-D-galactopyranose
units, and one sulphate group per repeating diad.30 The gel is
a thermoreversible gel, formed via physical crosslinking in the
presence of monovalent cations (K+, Rb+, Cs+, and NH4

+).The
optimization of the immobilization method of bacteria into k-
carrageenan hydrogels using CCD has been demonstrated by
Pan et al. In their work, they immobilized Escherichia coli
BL21(DE3) that contained a cis-epoxysuccinate hydrolase, into
k-carrageenan for the formation of D(−)-tartaric acid. They
optimized the response variables, enzyme activity (%) and gel
strength (g cm−2), as a function of the concentration of biomass
(25.9–54.1 g L−1) and the k-carrageenan concentration (8.3–
33.7 g L−1).82 The optimized parameters used to maximize the
enzyme activity and gel strength were 23.6 g L−1 and 43.4 g L−1

for the biomass and k-carrageenan concentration, respectively.
While other studies have observed signicant interactions
3758 | RSC Sustainability, 2024, 2, 3750–3768
between biomass concentration and polymer concentration for
enzymatic transformations, Pan et al. report this interaction is
insignicant. This suggests that further studies on different
carrier types and cells may be necessary to understand if and
when cells interact with the polymer to provide greater enzyme
activity. In addition, the authors report that the biomass
concentration and the interaction between biomass concen-
tration and k-carrageenan concentration had a negative linear
relationship with the gel strength. This might be due to changes
in the gel matrix with more biomass around, as biomass could
potentially inhibit crosslinks to form, though more evidence is
required to understand this behavior.

Pectin is a naturally occurring component of all terrestrial
plants, but is primarily extracted from citrus peel or apple
pomace, that is used as a gelling, thickening, stabilizing and
emulsifying agent.83 As a highly complex polymer type, pectin
has 18 different distinct monomers connected by 20 different
linkages!84 To immobilize cells, low methoxy (LM) pectin is
typically used, due to the capability for divalent cations to
crosslink LM pectin chains near instantaneously. The encap-
sulating matrix of LM pectin with calcium is generally called
calcium pectinate. Microencapsulation efficiency and lysozyme
production via immobilized cells has been optimized for pectin
hydrogels. Parra et al. optimized alginate or pectin hydrogels
based on the qualitative parameter, polymer type (alginate or
pectate), polymer concentration (2–4% w/v), inoculum concen-
tration (20–33% v/v), and CaCl2 concentration (2.0–3.5% w/v),
using CCD for lysozyme production with a genetically engi-
neered Aspergillus niger strain.85 The optimum design predicted
to maximize the lysozyme production was set as with a pectate
polymer type, 2% (w/v) polymer concentration, 33% (w/v)
inoculum concentration, and 3.5% w/v CaCl2 concentration.
Both articles found that the polymer concentration signicantly
affected the outputs, besides the swelling degree response in
Zhao et al. While identifying the differences between alginate
and pectin and their concentrations is important, the incorpo-
ration of both polymers could improve characteristics of gels
compared to single polymer gels and is recommended for future
studies.

Xanthan gum is a high molecular weight polysaccharide
produced by fermentation with Xanthomonas campestris.86

Xanthan gum consists of b-1,-4-D-glucopyranose glucan
repeating units, with mannose (b-1,4), glucuronic acid (b-1,2)
and terminal mannose branched side chains.87 Xanthan gum
can form hydrogels either by physical or chemical crosslinking
used to immobilize cells. BBD was employed by Shu et al. to
optimize xanthan gum–chitosan microcapsules to encapsulate
the bacteria Bidobacterium bidum BB01 used as a probiotic.88

In their work, they optimized the chitosan concentration (0.80–
1.0 g mL−1), ratio between xanthan gum/chitosan (1 : 7–1 : 9),
and stirring time used to generate the microcapsules (40–60
min), and measured two response variables, a maximum viable
count of the immobilized cells and encapsulation yield. The
results of both models generated optimal conditions to maxi-
mize the viable counts and encapsulation yield, with a chitosan
concentration of 0.84 g mL−1, a ratio of xanthan gum to chito-
san of 1 : 9, and a stirring time of 60 minutes. The results
© 2024 The Author(s). Published by the Royal Society of Chemistry
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demonstrate the interesting effects of polymer concentration.
Viable counts increased and then decreased as chitosan
concentration and ratio to xanthan gum to chitosan concen-
tration increased. This could indicate how gels can support cell
communities, and more polymer content can promote greater
cell adhesion, until a certain point, which then the hydrogel
stiffness exceeds the stiffness where cells can effectively
proliferate.89

To conclude, many hydrogel types have been optimized
through DOE, yet several still need more data to ascertain
unique interactions and input variables specic to gel types.
This could include different cell lines, or different applications
of immobilized cells in the hydrogels in this section. In addi-
tion, these unique polymer types could be combined with each
other or other polymer types (i.e. alginate) to overcome disad-
vantages related to a single polymer type. Overall, the papers
above can provide a starting point for certain polymer types and
the related variables to test.
Conclusions

Numerous studies have optimized hydrogel systems with
immobilized cells for a wide range of diverse applications
related to the sustainable production of chemical compounds
or elimination of hazardous compounds. This tutorial review
particularly highlights the extensive work done on hydrogels
for immobilizing bacteria. An interesting observation across
different applications of immobilized cells is that signicant
interactions oen occur between polymer content and cell
loading on multiple response variables. While DOE cannot
elucidate the mechanisms of cell–hydrogel interactions, it is
highly effective for initial evaluations of these complex
processes, optimizing processes where cell–hydrogel interac-
tions are important. In addition, many sources have utilized
CCDs and BBDs to optimize cell immobilization for green
microbiology, however the number of optimal design studies
is currently lacking when compared to CCD and BBD. There-
fore, future studies could include optimal designs to optimize
parameters or compare optimal designs to other DOE designs.
Our review also notes a tendency to focus more on cell func-
tionality compared to material properties. However, there's
a growing need for studies that simultaneously evaluate both
aspects to gain deeper insights into how hydrogel properties
inuence diverse cellular behaviors. This necessitates
a multidisciplinary approach, combining expertise from
Table 2 Agarose immobilization methods optimization inputs and outp

Cell
type Design Application

Inputs

x1 x2 x3

b BBD Alkaline lipase
production

Agarose conc.
(1.0–3.0) [%]

Inoculum size
(3.0–5.0) [g]

Cell
(0.6–

a b = bacteria; BBD = Box–Behnken design; conc. = concentration.

© 2024 The Author(s). Published by the Royal Society of Chemistry
material science, microbiology, and bioengineering. In
conclusion, DOE is a powerful tool for advancing the elds of
biomaterials, bioprocess engineering, and bioremediation.
We encourage collaboration across disciplines to fully leverage
DOE's capabilities, paving the way for groundbreaking devel-
opments in cell-based technologies and therapeutic
applications.
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3D
utsa

x

concentration
1.0) [g]

I
t

Three-dimensional

BBD
 Box–Behnken design

CaCl2
 Calcium chloride
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Cu(II)
 Copper

DOE
 Design of experiments

EE2
 17a-ethinylestradiol
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 Low methoxy

MY
 Metanil yellow

NIST
 National Institute of Standards and Technology

PNP
 p-Nitrophenol

PVA
 Poly(vinyl alcohol)

U(VI)
 Uranium
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Table 4 Chitosan immobilization methods optimization inputs and outputsa

Cell
type Design Application

Inputs Outputs Sig. inputs

Ref.x1 x2 x3 x4 y1 y1

b CCD Bioremediation
of toxic nitrile
compounds

Temp
(20–50)
[°C]

pH (6–8) Substrate conc.
(100–300) [mM]

Nitrilase activity x1, x1
2, x2, x2

2 53

b CCD Uranium U(VI)
biosorption

pH (2–5) Uranium
U(VI) conc.
(100–500)
[mg L−1]

Biosorbent dosage
(0.40–3.00) [g L−1]

Cell conc.
(0.0–30.0)
[wt%]

Biosorption
capacity (mg g−1)

x1, x1
2, x2, x2

2, x3,
x4, x4

2, x1x2,
x1x3, x2x4

54

b CCD Ammonia
removal

Alginate conc.
(0.4–1.6) [% w/v]

Chitosan conc.
(0.1–0.8) [% w/v]

Embedding time
(20–50) [min]

Removal efficiency
of ammonia
nitrogen [%]

x1, x1
2, x2,

x2
2, x1x2, x1x3

55

a b = bacteria; CCD = central composite design; conc. = concentration.

Table 5 Gellan gum immobilization methods optimization inputs and outputsa

Cell type Design Application

Inputs Outputs Sig. inputs

Ref.x1 x2 x3 x4 y1 y1

b BBD MY dye
decolorization

dye conc.
(100–250)
[mg L−1]

Gellan gum conc.
(0.75–1.5) [%]

Number of
beads
(10–50)

Beads size
(0.3–0.6) [cm]

MY dye
decolorization
(%)

x1, x1
2, x2, x2

2, x4
2 59

b CCD Cyanide
biodegradation

Gellan gum
conc. (0.36–1.04)
[g]

Number of beads
(−3.64–64.64)

Beads size
(0.1–0.6) [cm]

Biodegradation
of cyanide [%]

x1, x1
2, x2, x2

2,
x3, x3

2, x1x2,
x1x3, x2x3

60

a b = bacteria; BBD = Box–Behnken design; CCD = central composite design; conc. = concentration.

Table 6 k-Carrageenan immobilization methods optimization inputs and outputsa

Cell type Design Application

Inputs Outputs Sig. inputs

Ref.x1 x2 x3 x4 y1 y2 y3 y1 y2 y3

b CCD D(−)-Tartaric
acid production

Biomass
conc.
(25.9–54.1)
[g L−1]

k-Carrageenan
conc. (8.3–33.7)
[g L−1]

Enzyme
activity
[%]

Gel
strength
[g cm−2]

x1, x2 x1, x2, x1x2 82

a b = bacteria; CCD = central composite design; conc. = concentration.

Table 7 Pectin immobilization methods optimization inputs and outputsa

Cell type Design Application

Inputs Outputs Sig. inputs

Ref.x1 x2 x3 x4 y1 y2 y3 y1 y2 y3

f CCD Lysozyme
production

Polymer type
(alginate or
pectate)

Polymer
conc. (2–4)
[% w/v]

Inoculum
conc. (20–33)
[% v/v]

CaCl2 conc.
(2.0–3.5)
[% w/v]

Lysozyme
production

x1, x2, x3 85

a b = bacteria; BBD = Box–Behnken design; CCD = central composite design; conc. = concentration.

3762 | RSC Sustainability, 2024, 2, 3750–3768 © 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Sustainability Tutorial Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
ok

to
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 3
1-

1-
20

26
 1

9:
49

:5
1.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00400k


T
ab

le
8

P
o
ly
(v
in
yl

al
co

h
o
l)
im

m
o
b
ili
za

ti
o
n
m
e
th
o
d
s
o
p
ti
m
iz
at
io
n
in
p
u
ts

an
d
o
u
tp
u
ts

a

C
el
l

ty
pe

D
es
ig
n

A
pp

li
ca
ti
on

In
pu

ts
O
ut
pu

ts
Si
g.

in
pu

ts

R
ef
.

x 1
x 2

x 3
x 4

x 5
x 6

y 1
y 2

y 3
y 4

y 1
y 2

y 3
y 4

b
B
B
D

La
ct
ic

ac
id

pr
od

uc
ti
on

B
ea
d

di
am

et
er

(2
–

4)
[m

m
]

pH
(2
–7
)

In
it
ia
l
gl
uc

os
e

co
n
c.

(1
00

–1
20

)
[g

L−
1
]

B
io
m
as
s
(2
00

–
40

0)
La

ct
ic

ac
id

yi
el
d

x 1
,x

2
,

x 2
2
,x

3
,

x 3
2
,

x 4
2
,

x 2
x 3
,

x 2
x 4
,

x 3
x 4

68

b
B
B
D

L-
La

ct
ic

ac
id

pr
od

uc
ti
on

A
G
co
n
c.

(1
–

5)
[%

w
/v
]

PV
A
co
n
c.

(4
.0
–7
.0
)
[%

w
/v
]

C
h
it
os
an

co
n
c.

(9
0–
12

0)
[g

L−
1
]
Fr
uc

to
se

co
n
c.

(9
0–
12

0)
[g

L−
1
]
T
em

p.
(3
1–
39

)
[°

C
]

pH
(5
–7
)

La
ct
ic

ac
id

yi
el
d

La
ct
ic

ac
id

pr
od

uc
ti
on

ra
te

x 1
,x

1
2
,

x 2
,x

2
2
,

x 3
,x

3
2
,

x 4
,x

4
2
,

x 5
,x

5
2
,

x 6
,x

6
2
,

x 1
x 2
,

x 1
x 3
,

x 1
x 4
,

x 1
x 5
,

x 1
x 6
,

x 2
x 3
,

x 2
x 4
,

x 2
x 5
,

x 2
x 6
,

x 3
x 4
,

x 3
x 5
,

x 3
x 6

x 4
x 5
,

x 4
x 6
,

x 5
x 6

x 1
,x

1
2
,x

2,
x 2

2
,x

3
,

x 3
2
,x

4
,

x 4
2
,x

5
,

x 5
2
,x

6
,

x 6
2
,x

1
x 2
,

x 1
x 3
,x

1x
4
,

x 1
x 5
,x

1x
6
,

x 2
x 3
,x

2x
4
,

x 2
x 5
,x

2x
6
,

x 3
x 5
,x

3x
6

x 4
x 5
,x

4x
6
,

x 5
x 6

69

b
C
C
D

Su
lf
at
e

re
du

ct
io
n
an

d
co
pp

er
re
m
ov
al

C
el
l
qu

an
ti
ty

(1
9–
23

5)
[V
SS

pe
r
L]

C
op

pe
r
co
n
c.

(1
0–
10

0)
[m

g
m
L−

1
]

C
op

pe
r

re
m
ov
al

Su
lf
at
e

re
du

ct
io
n

ra
te

x 2
x 1
,x

1
2
,x

2,
x 2

2
70

b
C
C
D

p-
N
it
ro
ph

en
ol

bi
od

e-
gr
ad

at
io
n
-

B
ea
d
si
ze

(1
–

5)
[m

m
]

PV
A
co
n
c.

(2
–

10
)
[%

]
A
G
co
n
c.

(0
.5
–

2.
0)

[%
]

C
aC

l 2
co
n
c.

(1
–

5)
[%

]
Fr
ee
ze
–

th
aw

cy
cl
es

(2
–

6)
[c
yc
le
s]

PN
P

tr
an

s-
fo
rm

at
io
n

ra
te

B
re
ak

ag
e
of

be
ad

s
x 1
,x

1
2
,

x 2
,x

2
2
,

x 3
,x

3
2
,

x 4
,x

4
2
,

x 5
,x

5
2
,

x 1
x 2
,

x 1
x 3
,

x 1
x 4
,

x 1
x 5
,

x 2
x 3
,

x 2
x 4
,

x 2
x 5
,

x 3
x 4
,

x 1
2
,x

2
,

x 2
2
,x

3
,

x 3
2
,x

4
,

x 1
x 2
,x

1x
3
,

x 1
x 4
,

x 1
x 1
x 5
,

x 2
x 3
,x

2x
4
,

x 2
x 5
,x

3x
4
,

x 3
x 5
,x

4x
5

71

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2024, 2, 3750–3768 | 3763

Tutorial Review RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
ok

to
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 3
1-

1-
20

26
 1

9:
49

:5
1.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00400k


T
ab

le
8

(C
o
n
td
.)

C
el
l

ty
pe

D
es
ig
n

A
pp

li
ca
ti
on

In
pu

ts
O
ut
pu

ts
Si
g.

in
pu

ts

R
ef
.

x 1
x 2

x 3
x 4

x 5
x 6

y 1
y 2

y 3
y 4

y 1
y 2

y 3
y 4

x 3
x 5
,

x 4
x 5

b
C
C
D

C
h
lo
ri
n
at
ed

so
lv
en

t
bi
or
em

ed
ia
ti
on

PV
A
co
n
c.

(1
–

3)
[%

w
/v
]

A
G
co
n
c.

(1
–

2)
[%

w
/v
]

C
ro
ss
li
n
ki
n
g

ti
m
e
(1
4–
13

5)
[m

in
]

E
(d
ay

1)
E
(d
ay

30
)

k O
2

(d
ay

1)
k O

2

(d
ay

30
)

x 1
,x

2
,

x 2
2
,x

3

x 1
,x

1
2
,x

2,
x 2

2
,x

3
,

x 1
x 3

x 1
,x

2
,

x 2
2
,x

3
,

x 1
x 3

x 1
,x

2
,

x 2
2 ,
x 3
,

x 1
x 2
,

x 1
x 3

72

b
C
C
D

C
ad

av
er
in
e

pr
od

uc
ti
on

A
G
co
n
c.

(0
.5
–6
.5
)
[%

]
PV

A
co
n
c.

(0
–

8)
[%

]
C
aC

l 2
co
n
c.

(0
.5
–6
.5
)
[%

]
C
al
ci

ca
ti
on

ti
m
e
(0
–2
4)

[h
]

Fr
ee
zi
n
g

ti
m
e
(0
–

24
)
[h
]

R
el
at
iv
e

ac
ti
vi
ty

x 1
,x

1
2
,

x 2
,x

2
2
,

x 3
,x

3
2
,

x 4
,x

4
2
,

x 5
,x

5
2
,

x 1
x 2
,

x 1
x 3
,

x 1
x 5
,

x 1
2
x 2
,

x 1
2
x 3
,

x 1
2
x 5

73

f
C
C
D

E
th
an

ol
pr
od

uc
ti
on

A
G
co
n
c.

(1
.3
2–
4.
68

)
[%

w
/v
]

PV
A
co
n
c.

(8
.3
2–
11

.6
8)

[%
w
/v
]

So
di
um

su
lf
at
e

co
n
c.

(0
.1
6–

0.
84

)
[M

]

E
th
an

ol
co
n
ce
n
-

tr
at
io
n

x 1
,x

1
2
,

x 2
,x

2
2
,

x 3
,x

3
2
,

x 1
x 3

74

a
b
=

ba
ct
er
ia
;
f
=

fu
n
gu

s;
B
B
D

=
B
ox
–B

eh
n
ke

n
de

si
gn

;
C
C
D

=
ce
n
tr
al

co
m
po

si
te

de
si
gn

;
PV

A
=

po
ly
(v
in
yl

al
co
h
ol
);
A
G

=
al
gi
n
at
e;

co
n
c.

=
co
n
ce
n
tr
at
io
n
;
C
aC

l 2
=

ca
lc
iu
m

ch
lo
ri
de

;
E
=

co
m
pr
es
si
ve

m
od

ul
us

;k
O

2
=

ox
yg
en

up
ta
ke

ra
te
.

3764 | RSC Sustainability, 2024, 2, 3750–3768 © 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Sustainability Tutorial Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
ok

to
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 3
1-

1-
20

26
 1

9:
49

:5
1.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00400k


T
ab

le
9

X
an

th
an

g
u
m

im
m
o
b
ili
za

ti
o
n
m
e
th
o
d
s
o
p
ti
m
iz
at
io
n
in
p
u
ts

an
d
o
u
tp
u
ts

a

C
el
l
ty
pe

D
es
ig
n

A
pp

li
ca
ti
on

In
pu

ts
O
ut
pu

ts
Si
g.

in
pu

ts

R
ef
.

x 1
x 2

x 3
y 1

y 2
y 3

y 1
y 2

b
B
B
D

D
ie
ta
ry

su
pp

le
m
en

ts
in

pu
re

m
il
k

C
h
it
os
an

co
n
c.
(0
.8
–1
.0
)

[g
m
L−

1
]

X
G
/c
h
it
os
an

(1
:7
–1

:9
)

St
ir
ri
n
g
ti
m
e

(4
0–
60

)
[m

in
]

V
ia
bl
e
co
un

ts
of

B
.b

i
du

m
B
B
01

m
ic
ro
ca
ps

ul
es

M
ic
ro
en

ca
ps

ul
at
io
n

yi
el
d
of

B
.b

i
du

m
B
B
01

m
ic
ro
ca
ps

ul
es

x 1
,x

2
,x

3
,x

1
x 2
,

x 1
x 3
,x

2
x 3

x 1
2 ,
x 2
,

x 2
2 ,
x 2
x 3

88

a
b
=

ba
ct
er
ia
;B

B
D

=
B
ox
–B

eh
n
ke

n
de

si
gn

;c
on

c.
=

co
n
ce
n
tr
at
io
n
.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Tutorial Review RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
ok

to
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 3
1-

1-
20

26
 1

9:
49

:5
1.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Acknowledgements

This review was funded by the National Institute of Environ-
mental Health Sciences under grant NIH 5R01ES032707.
References

1 A. A. Akinsemolu, Principles of Green Microbiology: The
Microbial Blueprint for Sustainable Development, Environ.
Adv., 2023, 14, 100440, DOI: 10.1016/j.envadv.2023.100440.

2 R. M. Stubbendieck, C. Vargas-Bautista and P. D. Straight,
Bacterial Communities: Interactions to Scale, Front.
Microbiol., 2016, 7, 1234, DOI: 10.3389/fmicb.2016.01234.

3 Hydrogels: Recent Advances, Gels Horizons: from Science to
Smart Materials, ed. Thakur, V. K. and Thakur, M. K.,
Springer Singapore, Singapore, 2018, DOI: 10.1007/978-981-
10-6077-9.
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